ABSTRACT.-Soil disturbances across a wide range of spatial scales have been found to promote the establishment of invasive plant species. This study addresses whether mounds built by northern pocket gophers (Thomomys talpoides) in the shrubsteppe environment of north central Washington are facilitating plant invasions into native-dominated fields. Research was conducted in native-dominated plant communities adjacent to ex-arable, nonnative-dominated fields. To determine the effect of mounds on plant growth, we recorded new establishment and persistence of all plant species over 2 growing seasons on 10-19 mound and intermound areas in 10 fields. Nonnative plant establishment was not affected by mounds, but native plant establishment, particularly of the dominant native Pseudoroegneria spicata was lower on mounds than on intermounds. Early in the growing season, mounds had reduced soil moisture, bulk density, soil strength, N mineralization rates, and total N and C concentrations, and similar extractable NO 3 -concentrations relative to intermound soils. Our results did not suggest that soil disturbance improved nonnative growth resulting in competitive suppression of natives; rather, our results suggested that low soil moisture and slow N mineralization rates on mounds in this ecosystem present relatively stressful conditions for native plant growth.
Nonnative plant species can form stable plant communities in previously agricultural shrubsteppe lands throughout western North America, while surrounding undisturbed lands remain relatively uninvaded (Rickard and Vaughan 1988, Kulmatiski 2006) . Plant invasions following large-scale mechanical soil tillage are well documented (e.g., Elton 1958, Hobbs and Huenneke 1992) , but uncultivated lands may also be subjected to smaller-scale natural mechanical disturbances, which may similarly play a role in nonnative species establishment. Soil tailings of mound-building fossorial rodents, for example, can cover up to 30% of the soil surface each year (Hobbs and Mooney 1991) and have been demonstrated to enhance invasive plant establishment in a variety of ecosystem types (reviewed in D' Antonio et al. 1999) .
Rodent mounds are typically colonized by nondominant species in plant communities, usually forbs and annuals (Goldberg and Gross 1988 , Huntly and Inouye 1988 , Martinsen et al. 1990 ). While this is generally true for plant establishment in canopy gaps (Grubb 1977 , Gross 1987 , establishment on rodent mounds may also be influenced by properties of mound soils, which differ from those of the surrounding soils (reviewed in Reichman and Seabloom 2002) . Relative to "intermound" soils, gopher mounds typically have higher maximum daytime temperatures, reduced bulk density, and lower total carbon (C) and nitrogen (N) pools (Litaor et al. 1996 , Sherrod and Seastedt 2001 , Reichman and Seabloom 2002 , Canals et al. 2003 . Sherrod and Seastedt (2001) found mound soils to have lower C:N than surrounding soils, and lower soil moisture has also been reported (Simkin et al. 2004) . Soil moisture is known to influence establishment on mounds (Grant et al. 1980) ; in general, mounds at relatively mesic sites have faster revegetation rates than mounds at xeric sites (Goldberg and Gross 1988 , Umbanhowar 1995 , Berlow et al. 2002 .
Soil moisture and C:N can also play a role in regulating N availability to plants, as both influence soil N mineralization rates (Stanford and Smith 1972, Paul and Clark 1996) . To date, studies have found no significant differences between mound and intermound net N mineralization rates (Cortinas and Seastedt 1996 , Canals et al. 2003 , Eviner and Chapin 2005 . However, of these studies, none tested C:N, and 2 tested soil moisture but found no significant mound-intermound differences (Cortinas and Seastedt 1996, Eviner and Chapin 2005) . Still, mounds have been consistently shown to have high levels of nitrate (NO 3 -; Litaor et al. 1996 , Sherrod and Seastedt 2001 , Canals et al. 2003 . Because N availability can promote nonnative establishment (Burke and Grime 1996, Brooks 2003) , high N concentrations or N mineralization rates may be important for nonnative plant establishment on rodent mounds.
In shrubsteppe fields in the Methow Valley, Washington, up to 20% ( x -= 3.4%, range 0%-20%; A. Kulmatiski unpublished data) of the surface of otherwise undisturbed fields consists of soil tailings from the burrows of the northern pocket gopher, a native rodent (Geomyidae: Thomomys talpoides). Across the landscape, there are a number of abandoned agricultural fields that are presently occupied by persistent nonnative plant communities (Kulmatiski 2006) . While subsequent spread of these nonnatives into surrounding native plant communities has been minimal (Kulmatiski 2006) , the process may be expedited by soil disturbances, such as mounds built by pocket gophers. For appropriate management, it is important to know whether pocket gopher mounds act as microsites allowing invasion into native communities.
Little research on the ecosystem impacts of pocket gophers has been conducted in shrubsteppe, and the physical effects of gophermound building on soils are known to vary by ecosystem (Cortinas and Seastedt 1996) , probably depending on climate and on soil organic matter content, texture, and water content (Sojka 1999) . Our primary objective was to determine whether gopher mounds facilitate nonnative plant establishment in native-dominated communities. To do this, we measured establishment of new plants and persistence of existing plants over 2 growing seasons on gopher mounds and on unvegetated intermound soils in 10 fields, each adjacent to an abandoned agricultural field. To assess the role of pocket gophers on soil properties compared to past studies, we also measured soil physical characteristics, nutrient concentrations, and N mineralization rates on mounds and on surrounding intermound soils.
Study Site
This study was conducted in the shrubsteppe of the Methow Valley, Washington (48°37፱N, 107°10፱W, 550-750 m asl). Aerial photographs and ground-truthing allowed identification of nonagricultural areas adjacent to abandoned agricultural fields on land managed by the Washington Department of Fish and Wildlife. Nonagricultural areas were dominated by native species but were located near potential source populations of nonnatives in abandoned agricultural fields (Kulmatiski 2006 (Lenfesty 1980) . Mean annual rainfall is 380 mm, with 67% falling between October and March (NCDC 2004 ). The growing season begins with snowmelt in March or April and continues until snowfall in November, though most grasses and forbs undergo seasonal senescence by July.
METHODS

Plant Establishment Survey
In June 2003, 10 native-dominated fields that had never been cultivated were randomly selected from 25 possible sites. Each field was within 100 m of an abandoned agricultural field (a potential seed source of nonnative species) and each had >5% of the surface covered by gopher mounds. In a 25 × 25-m area within each field, all recently formed gopher mounds were located (10-19 in each field), and a square 100-cm 2 microplot was placed on the center of each mound. An intermound microplot of the same size was placed on the nearest area to each mound with no mature perennial plants on a random compass direction (maximum distance between paired microplots: 80 cm). All stems of all plants present in each mound and intermound microplot were identified by species and counted.
In June 2004, all stems in each microplot were counted again. New establishment by species in each microplot was calculated as the number of stems present in 2004 minus those present in 2003; values <0 were considered to be 0. Persistence was defined as presence of a species in 2004 in a microplot where the species had been present in 2003. To compare new establishment to the surrounding plant canopy, plant species composition in the surrounding area was estimated. A 1-m 2 plot was placed over each mound, and percent cover of all plant species was determined by point-intercept estimation with 16 points (NARSC 1996) . Because of the scarcity of vegetation on mounds even after 1 year of vegetative regrowth, percent cover estimates were corrected to account for the area of the mound within each 1-m 2 plot.
Prior to statistical analysis, data on new establishment and persistence of existing plants from individual mound and intermound microplots were averaged by field. Mixed linear models (SAS Institute, Inc. 2004) with fields as random effects were used to compare estimates of mound and intermound establishment of the 5 most commonly occurring native species, the 3 most common nonnative species, native species and nonnative species as groups, and total stem count. Species were considered nonnative if listed as "introduced" in Whitson et al. (1999) . Mixed logistic regressions (PROC GLIMMIX; SAS Institute, Inc. 2005) with fields as random effects were used to compare the likelihood of mound versus intermound persistence of these species and groupings in each field between 2003 and 2004.
Soil Survey
Five mound-intermound pairs were selected from randomly located plots in 10 native-dominated fields that had been randomly selected from 25 possible fields (3 of the fields were also used in the plant establishment survey). Gravimetric soil moisture was measured on each mound and the corresponding adjacent intermound area in March, April, June, and July 2004 ( Jarrell et al. 1999) . Mound soil cores were taken to the depth of the mound (mean height 10 cm), and intermound cores were taken to 10 cm. In these same plots, N mineralization rates in mound and intermound soils were determined using field incubation (Robertson et al. 1999) . In March 2004, two soil cores were taken at each mound or intermound area. The 1st was taken for immediate extraction of inorganic N, and the 2nd was placed in an unsealed plastic bag and returned to the soil core hole to remain there for 4 weeks. This technique allowed air flow to the soil, but limited plant uptake of N in the soil, allowing for a quantitative measure of plant-available N produced between the 2 sampling times. Fifteen samples directly affected by gophers during this incubation period were discarded. Inorganic N was extracted using a 2:1 soil to 2M KCl ratio by mass. Extractants were analyzed for ammonium (NH 4 + ) and nitrate (NO 3 -) concentrations on a Lachat Quickchem 8000 flow injection analyzer (Lachat Instruments, Loveland, CO).
Mound and intermound soil bulk density, penetration resistance, and shear strength were measured at each sampling location. Penetration resistance and shear strength were recorded as the means of 2 measurements made with a handheld penetrometer and a Torvane shear device, respectively (Durham Geo Slope Indicator, Stone Mountain, GA). Finally, soil samples from 30 mound-intermound pairs randomly assigned throughout the fields from the vegetation survey (3 per field) were collected, air-dried, sieved to <2 mm, and analyzed for total C and N by dry combustion on a LECO Truspec CN (LECO Corporation, St. Joseph, MI; Sollins et al. 1999) .
Soil moisture was compared between mounds and intermound areas at each sampling time, using single-factor ANOVA. Single-factor ANOVA was also used to test for mound and intermound differences in soil properties: net N mineralization rates, bulk density, penetration resistance and shear strength, and concentrations of C, N, and NO 3 -. In all analyses, significant differences were determined at P < 0.05.
RESULTS
Relative to intermound areas, mounds had low establishment of the most abundant native bunchgrass, Pseudoroegneria spicata (Table 1) , which accounted for 49% of the total vegetation cover in the fields surveyed. Establishment of no other species or group was influenced on mounds relative to intermound areas. During the 2 years of the study, persistence of P. spicata was also lower on mounds than on intermound areas (F = 8.08, P = 0.019).
No nonnative species had significantly different rates of new establishment on mounds relative to intermound areas (Table 1) . Mean establishment of B. tectorum was 82% greater on mounds than on intermound areas (not significant), but Poa bulbosa establishment was 150% greater on intermound areas than on mounds (not significant). In aggregate, nonnative establishment was 5% greater on intermound areas than on mounds (not significant).
Given our sample sizes and standard deviations, we could have detected significant differences of 200% between treatment levels for B. tectorum, and 135% between treatment levels for P. bulbosa. The sample sizes necessary to detect differences given our measured differences were 18 and 33, respectively. Nonnative species accounted for 26% of total plant establishment on mounds and 23% of total plant establishment in intermound areas (not significant). Establishment of native species was significantly greater than that of nonnative species on mounds (F 1, 9 = 52.6, P < 0.001) and in intermound areas (F 1, 9 = 10.3; P = 0.011; Table 1 ).
Most measured soil characteristics differed between mounds and intermound areas. At all 4 sampling times, mound soil moisture was lower than intermound soil moisture (P < 0.001; Fig. 1 ). Net N mineralization in the 1st month of the growing season was 0.17 mg ⋅ kg -1 day -1 on mound soils, 35% lower than on intermound soils, where it was 0.27 mg ⋅ kg -1 day -1 (F 1, 32 = 14.8, P < 0.001; Fig. 2) . NO 3 -concentrations measured in March 2004 did not differ between mound and intermound soils (Table 2) .
Penetration resistance, shear strength, and bulk density were lower for mound soils than for intermound soils by 80%, 76%, and 7.5% (Table 2) , respectively. Two mound samples had abnormally high C and N, probably because of decomposing organic matter in the samples (e.g., May and Webber 1982) ; these were identified as outliers by Grubbs's test (Grubbs 1950) and removed from analysis. C and N were each lower in mound soils than in intermound soils by 19% and 24%, respectively, and C:N was higher for mound soils (Table 2) . 
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DISCUSSION
Mounds decreased establishment and persistence of the dominant native perennial bunchgrass, P. spicata, which accounted for the majority of the plant cover in the fields sampled. By decreasing the abundance of P. spicata, gopher mounds increased the proportional abundance of the less dominant species in the plant canopy, a finding that is generally supportive of observations in different ecosystems (Platt 1975 , Goldberg and Gross 1988 , Martinsen et al. 1990 ). Absolute nonnative establishment, however, was not enhanced on mounds relative to intermound areas.
Studies finding that mounds (rodent-created and simulated) promote invasive species have generally reported plant establishment to be between 3 and 10 times greater on mounds than on surrounding soils (Hobbs and Mooney 1985 , Peart 1989 , Bos sard 1991 , Hunter 1991 , D'Antonio 1993 , Mc Evoy and Rudd 1993 . In this study, however, no moundintermound differences were detected for establishment of nonnative species, individually or as a group. Mean establishment of B. tectorum, the nonnative species that showed the most positive response to mounds, was 80% greater on mounds than on intermound areas, but this difference was not significant. Our sampling design allowed us to detect differences of 200% for this species, so differences of the magnitude reported in the literature did not occur. While a larger sample size may have detected significant differences among our observed treatment means for B. tectorum and P. bulbosa, this does not apply to nonnative species as a group (minimum N > 3000).
Gopher mounds do play a role in the process of nonnative invasion by creating plant-free space and suppressing the establishment of native species. However, mounds only accounted for 14% of all bare, unvegetated soil in 25 nonagricultural fields in the study system (A. Kulmatiski unpublished data). Plant interspaces are a typical part of the vegetation mosaic in semiarid ecosystems (Schultz 1995) , and are thought to be an aboveground reflection of allocation of resources by plants into development of extensive root systems (Noy-Meir 1985 , Schultz 1995 . Plant interspaces do not appear to be old, uncolonized mounds because there is no correlation between percent cover of unvegetated soils and mound cover (A. Kulmatiski unpublished data).
Studies have suggested that vegetation differences typically observed on mounds relative to surrounding soils may be explained, in part, by altered nutrient availability on mounds (Spencer et al. 1985 , Reichman et al. 1993 . It has been reported that despite having low total C and N pools, mounds often have elevated NO 3 -levels (Litaor et al. 1996 , Sherrod and Seastedt 2001 , Canals et al. 2003 high NO 3 -concentrations likely reflect decreased root activity in mounds and are also expected to improve growth of ruderal species, which require large N concentrations to maintain rapid growth rates. However, in this study, while C and N concentrations were lower on mounds than on intermounds, NO 3 -concentrations were not elevated on mounds. Moreover, during the growing season, net N mineralization rates were lower for mound soils than for intermound soils. The slow net N mineralization rates on mounds may have been slowed by low soil moisture (Fig. 1) , which limits microbial mineralization of organic N (Stanford and Smith 1972) .
Because inorganic N concentrations do not differ between mound and intermound soils and because N mineralization rates are low in mound soils, mound soils in this ecosystem provide less plant-available N than intermound soils during the 1st month following snowmelt. This is a critical time for plant establishment and growth in the shrubsteppe, because it is the time of year with the greatest soil moisture (Rickard and Vaughan 1988) . Because high N concentrations generally promote nonnative plant growth (e.g., Burke and Grime 1996) , decreased inorganic N availability may play a role in our finding that nonnative establishment is not increased on mounds.
Relatively low levels of soil moisture also tend to make mounds less hospitable to plant growth. While soil moisture was lower on mounds than on intermound areas at all sampling times, the difference was probably most important in terms of limiting plant growth in the later sampling times ( June, July), since during these times the differences observed may have represented the difference between plant-available soil moisture and the wilting point (Kulmatiski et al. 2006a ). This general mechanism, that mounds constitute stressful microsites for plant growth, is also supported by data on interannual persistence of standing vegetation on mounds and intermound areas. Several studies report higher plant seedling mortality off mounds than on mounds, as mounds constitute exposed microsites that herbivorous rodents tend to avoid (Klaas et al. 1998, Wolfe-Bellin and Moloney 2000) . However, in this study, we found the persistence of already established vegetation to be higher off mounds than on mounds.
Mounds did have reduced soil strength, which, all else equal, would be expected to expedite root growth and facilitate plant establishment (Unger and Kaspar 1994) . In fact, soil loosening has been experimentally shown to promote nonnative plant establishment in this study system (Kyle et al. 2007 ). However, on mounds, the positive effect of soil loosening on plant growth appears to be outweighed by the negative effects of reduced soil moisture and N availability. Similarly, total plant persistence was lower on mounds than on intermound areas, indicating that mounds constitute stressful microsites for plant growth.
The finding that small-scale soil disturbance does not initiate invasion of nonnative species on native-dominated fields is corroborated by Kulmatiski et al. (2006b) , who showed that seeded nonnative species do not establish vigorous populations in hand-tilled 1-m 2 plots in native-vegetated fields. Moreover, chronosequence data from primarily native fields adjacent to abandoned agricultural fields throughout the study system show that the native communities, most of which do have pocket gopher activity, have resisted nonnative plant invasion for decades (Kulmatiski 2006 ). These observations suggest that nonnative plant establishment on rodent mounds is driven by different mechanisms than those driving nonnative establishment following tillage; further research may be helpful in isolating these underlying mechanisms.
In conclusion, pocket gopher mounds did not directly facilitate the invasion of nonnative species into native-dominated plant communities, but did suppress native plant establishment. In contrast to ecosystems in which mounds constitute nutrient-rich microsites favorable for plant growth (Litaor et al. 1996 , Sherrod and Seastedt 2001 , Canals et al. 2003 , mound soils in the study system were resource poor. We suggest that low bulk density in gopher mounds increases soil water infiltration rates resulting in low soil moisture and low net N mineralization rates relative to intermound soils. We suggest that these low resource conditions explain why nonnative plant establishment was not increased on mounds.
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